Objective: Congenital tracheal stenosis (CTS) is rare. When it presents early in life, its management can be challenging. Of the surgical techniques that have been devised to correct long-segment CTS, slide tracheoplasty (ST) appears to be superior. We present our 7-yearexperience of ST for the treatment of symptomatic CTS in neonates and infants. Methods: The hospital records of all 14 neonates and infants who underwent ST between 2001 and 2008 at our hospital were retrieved. Patient characteristics, trachea morphology, co-existing anomalies, operative procedures, techniques, outcomes and clinical courses were reviewed. Results: Patients underwent ST at age 4 days to 22 months (median: 2.4 months). Five (36%) required intermittent ventilator support prior to surgery. All ST was done under cardiopulmonary bypass. The associated cardiovascular anomalies in 10 infants (71%) were also corrected at the same operation. All survived the initial surgical procedures. The in-hospital mortality for the group was 14.3%. The median periods of postoperative intensive care unit and hospital stay of the 12 children, who were successfully extubated within 7 postoperative days, were 9 days (range: 6-28 days) and 28 days (range: 14-375 days), respectively. Follow-up of all 12 midterm survivors was complete, ranging from 5 months to 5.6 years (median: 40 months). A total of four patients had been found to have tracheobronchial malacia postoperatively and were managed with stenting. Of the remaining 10 survivors who had no residual or recurrent airway problems, and no cardiovascular residuum or sequela, two had gross developmental delay. Conclusions: In the management of symptomatic infants with CTS, our limited experience suggests that meticulously performed ST together with vigilant pre-and postoperative care can provide satisfactory short and midterm solution to the airway problem. Some incidental residual clinical problems appear to be unavoidable. #
Introduction
Congenital tracheal stenosis (CTS) was first described by Gregor in 1899 [1] . It is rare, representing between 0.3% and 1% of all laryngo-tracheal stenosis [2] . The pathogenesis of CTS is poorly understood. By convention, CTS is typically characterised by the presence of a variable number of complete cartilaginous rings, and often involves significant length of the trachea. Cantrell and Guild [3] categorised CTS into three types: generalised, funnel-like and segmental stenosis. It may exist as an isolated entity, or in association with other congenital malformations, in particular, cardiac anomalies along with vascular rings and pulmonary slings. Other associated anomalies have also been reported, for example, chromosomal anomalies, malformation of other parts of the respiratory tract, oesophagus and skeletal systems [4] [5] [6] [7] . It is generally believed that paediatric patients can tolerate up to 50% narrowing of the tracheal lumen before becoming symptomatic. Current management strategies for CTS are variable, depending on the severity of the symptom, airway pathology, presence of associated anomalies, as well as the attending medical staff's experience and preference. In general, conservative management is preferred when there is minimal or no respiratory symptom, while intervention is inevitable if it presents with 'near-death spell'. The first successful surgical correction of CTS in the form of resection and end-to-end anastomosis was reported by Cantrell and Guild in 1964 [3] . When CTS presents in infancy and childhood, it is often challenging because the stenotic tracheal segment is usually too long (>25-30%) for safe resection and end-to-end anastomosis [8, 9] . A number of techniques have been devised to correct long-segment CTS, for example, costal cartilage tracheoplasty [10] , pericardial tracheoplasty [11] and slide tracheoplasty (ST) [12] . Of these, ST appeared to be superior. In 2002, Grillo and associate [8] stated that, in their opinion, in infants with CTS, ST should be considered for all but the shortest stenotic segments. Because of the rarity of CTS and the diversity of these patients' clinical profiles, information on patient outcomes after various types of tracheal repair is scarce. The objective of this article is to supplement the published data on ST by reporting our experience with 14 consecutive symptomatic infants who underwent ST for CTS in the past 7 years.
Materials and methods
Between September 2001 and November 2008, 14 consecutive infants diagnosed to have CTS AE associated cardiovascular anomalies were referred to us for management. All except one (patient 5) were in severe respiratory distress. Six (43%) of them had had cardio-respiratory arrest and five required intermittent positive-pressure ventilation (IPPV) support. One of the five was a premature infant (patient 10) who had sustained hypoxic brain damage following two episodes of cardiac arrest. The time lapsed between presentation and hospital admission ranged between 0 and 267 days (median: 25 days). Only three infants were immediately transferred to us at presentation. There were eight boys and six girls. Their ages at the time of surgery ranged from 4 days to 22 months (median: 2.4 months), and body weight ranged from 2.3 to 10 kg (median: 4.6 kg). The diagnostic procedures performed in all infants included bronchoscopy with or without bronchography to delineate the tracheal morphology, and echocardiogram to define the cardiovascular anatomy. Other diagnostic techniques used in selected patients included computed tomography (CT), magnetic resonance imaging (MRI) and cardiac catheterisation.
Operative technique
After induction of general anaesthesia, standard monitors were set up. With the child in supine position and head extended, skin over the precordium and front of neck was prepped and draped. A standard median sternotomy was made, the thymus was resected and the aortic arch vessels were mobilised. Following mid-line longitudinal pericardotomy, the trachea was exposed from the cricoid cartilage to the level of the 2R and 4R superior mediastinal lymph node groups (AJC classification of regional lymph nodes); special care was taken to avoid injuring the neuro-vascular structures in its vicinity. Following heparinisation, the ascending aorta and the right atrium (or both vena cava) were cannulated, highflow normothermic/moderate hypothermic cardiopulmonary bypass (CPB) was initiated and all associated vascular and/or cardiac anomalies were repaired when present. The cardiovascular procedures performed included correction of pulmonary artery sling (PAS) (7) (all PAS were corrected by reimplantation rather than ante-tracheal translocation of the left pulmonary artery), vascular ring (2), aortic coarctation (CoA) (1) (by resection and end-to-end anastomosis), atrial septal defect (ASD) (1), ventricular septal defect (VSD) (1), aorto-pulmonary window (APW) (1) and transposition of the great arteries (TGA) (1) (arterial switch operation). Following this, the endotracheal tube was removed. Rigid and/or fibre optic bronchoscopy was performed to confirm the extent and severity of the tracheal stenosis, and a needle was passed to mark the mid-point of the stenotic segment, which might not be the narrowest point. The trachea was then transected at the marked mid-point of the narrowed segment. In performing the tracheal anastomosis, in our initial three patients, we followed Grillo's modification [8, 13] of the original Goldstraw technique described by Tsang and associates [12] . Then, we reviewed the two techniques and balance their pros and cons; as a result, in the subsequent 11 patients, we followed the original Goldstraw technique [12] except we did not perform extensive circumferential mobilisation of the trachea and limited the tracheal dissection to its anterior and posterior surfaces and extended the dissection to both hila. We also preferred to use 5/0 polydioxanone (PDS II W Ethicon, Inc., Edinburgh, U.K.) interrupted through and through stitches to complete the tracheal anastomosis. The two techniques of ST are depicted in Fig. 1 . The endotracheal tube was repositioned under direct visual guidance before completion of the tracheal anastomosis. The tracheal anastomosis was then tested under saline solution at a pressure of 30 cmH 2 O and examined with endoscopy. Mechanical ventilation was then resumed and the CPB withdrawn. The CPB time ranged from 44 to 209 min (median: 127 min). After heparin reversal and haemostasis, the sternotomy was closed primarily in 13 cases or secondarily in one selected case (patient 12). After wound closure, a guardian chin stitch was placed to ensure the patient kept the neck in flexion during early postoperative period.
After the patients returned to the intensive care unit (ICU), we electively ventilated the children for 5-7 days to maintain the airway splinted (at least partially) with the endotracheal tube, which was then removed when feasible. 
Results
Pre-and perioperative evaluation disclosed that the length of the tracheal stenotic segment ranged from 8 to 50 mm (median: 20 mm). In 11 infants (78.6%), it was >30% of the trachea. The luminal diameter at the narrowest site of the trachea ranged from 0.5 to 2.8 mm (median: 1.9 mm). Four infants had isolated CTS, and 10 others (71%) had associated cardiovascular anomalies (Table 1) . Other associated disorders included chromosomal anomalies (2), prematurity (2), gastrooesophageal reflux (1) and exomphalos (1) . The patient characteristics are summarised in Table 1 .
The time lapse between admission and ST ranged from 3 to 63 days (median: 9 days). The seven patients who were operated on within 1 week of admission were directly admitted to our hospital. All survived the initial primary procedures. Three patients (21%) failed to be extubated after 7 days of elective ventilation. One failure (patient 1) was probably related to combination of tracheobronchial malacia (TBM) and alveolar hypoplasia of Down's syndrome [14] . Another failure (patient 6) was related to main bronchi chondromalacia. The third failure (patient 12) was due to residual stenosis related to surgical technical oversight -one of the complete cartilaginous rings was left intact. This patient was recognised early and was corrected by revision tracheoplasty with a costal cartilage patch. The child could be extubated soon afterwards and remained well since then. Patients 1 and 6 were managed with prolonged ventilator support, stenting and repeated bronchoscopic removal of granulation tissue. It was regrettable that when both parents were informed that no definitive solution was in sight, they refused to subject their respective child to further intervention. As a result, one child (patient 1) died of respiratory failure at 2.5 months and the other (patient 6) died of multi-organ failure at 3.5 months postoperatively. Thus, the in-hospital mortality for the group was 14.3%.
The duration of postoperative ventilatory support of the 12 in-hospital survivors ranged from 5 to 71 days (median: 6.5 days). Other relevant postoperative complications documented included TBM in four, wound infection in three and sepsis in two, respectively. Even with hindsight, it was impossible to determine whether TBM was present preoperatively related to extrinsic compression by vascular rings/sling (patients 1, 2 and 6) or prolonged postoperative endotracheal intubation (patients 1 and 6).
Patients 1 and 6 were in-hospital deaths, while patient 2 died of septicaemia 5.5 years postoperatively after repeated balloon dilatation and stenting. In the remaining one (patient 3), postoperative assessment by our otorhinolaryngology colleagues disclosed associated congenital upper airway malformations in the form of laryngomalacia and bilateral vocal cord paralysis. However, we surmised that the possibility of bilateral intra-operative laryngeal nerve damage could not be totally excluded. The median periods of postoperative ICU and hospital stay of the 12 survival patients were 9 days (range: 6-28 days) and 28 days (range: 14-375 days), respectively.
Follow-up of all 12 midterm survivors was complete for 4 months to 6.6 years (481 patient-months). As a non-invasive investigation, CT thorax with reconstruction was performed in eight patients. Fig. 2 shows the pre-and postoperative CT photographs of patient 11. As mentioned above, one survivor (patient 2) with TBM died of septicaemia 5.5 years postoperatively. Patient 3 with TBM and developmental delay required nocturnal constant positive airway pressure (CPAP) support, otherwise well. Another two surviving patients (patients 9 and 10), who had no airway problem or cardiovascular residua, also had significant developmental delay. In one, it was related to chromosomal anomalies; and in the other, it was related to brain damage sustained during 'near-death spells'. The relevant data on the clinical course and outcomes of all 14 patients are summarised in Table 2 . 
Discussion
Because of the rarity of CTS, unlike some countries, Hong Kong, with a comparative small population and low birth rate, does not have a special unit dedicated to the management of airway problems among paediatric patients. Up till September 2001, in Hong Kong, occasional infants and teenagers with airway problems including CTS were managed by general paediatric surgeons mainly with stenting. In fact, our initial two patients were referred to us by paediatric cardiologists as cases of congenital heart diseases, and CTS was an incidental finding. Hence, until 2001, we had very limited experience with the management of patients with CTS.
STwas first described by Tsang and associates [12] in 1989, and was initially designed for long-segment tracheal stenosis. It appears to be superior to other techniques. There have been, so far, a few reports but no large series case studies in the literature (Table 3) .
We adopted ST [12, 13] throughout as the preferred surgical technique in correcting CTS because our first patient's stenotic segment was too long (89%) [8] for safe resection and end-to-end anastomosis, and because it had been claimed by many authors that ST has the following advantages: (a) the surgical technique is relatively simple; (b) the stenotic segment is shortened by half only, therefore ST can even be safely performed in patients with very longsegment tracheal stenosis without the need for extensive hilar release or subglottic release. Moreover, this would be beneficial to juvenile tracheal anastomosis which is less tolerant to tension [9] ; (c) the luminal circumference is doubled and cross section nearly quadrupled; so ST would lessen the obstructive possibility of early narrowing caused by oedema of the circular suture line after resection and endto-end anastomosis; (d) the reconstruction is done with native tracheal tissue lined with normal mucosa, therefore immediately stable, hence one can expect a smoother postoperative course; and (e) satisfactory growth of the reconstructed segment had been documented [15, 16] .
Grillo modified the Goldstraw technique of STas described by Tsang and associates [12] by reversing the longitudinal incisions along the divided narrowed tracheal segments -the proximal segment was incised anteriorly and the distal segment posteriorly. He found that by reversing the vertical incisions, the access for suturing would be easier and only minimum tracheal dissection was required, especially the lower segment. In his opinion, his modification would also better preserve the blood supply to the trachea [13] In our initial three patients, we followed the technique as modified by Grillo. Our third patient, who had associated multi-system congenital anomalies and had bronchoscopy performed in another hospital, underwent uneventful ST at our hospital when 2.2 months old. Postoperative assessment by our otorhinolaryngology team disclosed mild-to-moderate degree of upper airway obstruction and bilateral vocal cord palsy. It was impossible to determine whether the latter was a result of perioperative damage to the recurrent laryngeal nerves or part and parcel of congenital upper airway malformations [17] . Having reviewed our surgical techniques, we concluded that if ST were performed with continuous mechanical ventilation, Grillo's modification would facilitate both continued mechanical ventilation across the operative field and placement of sutures. These advantages would be void if ST was done under CBP like us. Besides, it would be easy to insert stitches to any part of the suture line even after completion of the tracheal anastomosis. Grillo had reported that a short vertical incision high in the trachea was required when stitch(es) had to be inserted into the uppermost posterior suture line, which became an inaccessible spot [13] . On the other hand, with the Goldstraw technique, the lowest posterior part of the suture line would become the 'inaccessible spot'; however, we found if STwere done under CBP, this spot, together with the carina, could be readily exposed by retracting the neighbouring structures. Furthermore, we surmised that by placing the uppermost part of the suture line anterior instead of posterior, all suturing would be done at a distance from the recurrent nerves. Thus, the Goldstraw technique [12] is recommended for tracheoplasty under CPB.
In a meta-analysis, Chiu and Kim [18] concluded that the highest mortality rate was in CTS patients younger than 1 month and in those with intra-cardiac anomalies. CTS repairs in these patient subgroups should be considered with caution. In the present series, one of the two neonates died late of septicaemia probably related to residual airway problems, while all three patients with intra-cardiac anomalies survived.
Manning and associates [19] found that preoperative mechanical ventilator support and duration of CPB support to be significant predictors of the need for prolonged intubation (>48 h). In our patients, we electively intubated and ventilated our patients for 5-7 days. If we re-define prolonged intubation as >7 days, then it was required in three of the five patients, who needed preoperative ventilator support, and also in two of three who had long CBP time.
Despite the theoretical advantages of ST and the many reported favourable outcomes of patients who underwent ST, failure of ST per se can occur and has been reported [20] . If one considered residual tracheal stenosis as failure of ST, among our 14 patients, we had a total of five failures. Of the five failures, in one (patient 12) residual stenosis was recognised early and was timely corrected; two died early (patients 1 and 6) and one late (patient 2). The only survivor is patient 3 whose long-term prognosis is unfavourable because he had many other associated congenital malformations, an in situ stent and had to be supported with CPAP at night-time. Except patient 12, the residual airway problem in the other four patients was related to TBM; the post-ST TBM is an important topic for further studies.
